In liver injury, perisinusoidal cells known as lipocytes (Ito cells) undergo "activation," acquiring smooth muscle-like features and a contractile phenotype. To assess whether contraction of these cells is regulated by nitric oxide (NO), we examined the production of NO by lipocytes and the effect of NO on lipocyte contractility. Cultured lipocytes were exposed to cytokines and/or LPS. Single agents had little or no effect on the level of inducible NO synthase (iNOS) mRNA.
Introduction
Nitric oxide (NO)' is produced from L-arginine by a variety of cells, including vascular endothelial cells (1, 2) , macrophages (3) (4) (5) , Kupffer cells (6) , neurons (7) , smooth muscle cells (8) , cardiac myocytes (9) , and hepatocytes (10) . It is generated from L-arginine by NO synthases, which exist in constitutive and inducible isoforms. Two apparently distinct cDNAs for the constitutive form have been isolated, one from vascular endothelial cells (11) (12) (13) and the other from neurons (14) . Inducible isoforms have been cloned from a variety of cell types, including macrophages (3, 4) , smooth muscle cells ( 15) , chondrocytes (16) , and hepatocytes (17, 18) .
The roles attributed to NO include neurotransmission, host defense via antimicrobial activity, and relaxation of vascular smooth muscle ( 19, 20) . In liver, NO is generated after administration of endotoxin (5, 21, 22) in both parenchymal and nonparenchymal cells, suggesting a possible role in host defense. The smooth muscle-relaxing properties of NO may be important, affecting sinusoidal hemodynamics, but have been examined little. In theory, NO could oppose vasoconstrictors such as endothelin-1, which stimulate contraction of liver smooth muscle cells or sinusoidal contractile elements (23) .
Recent data indicate that perisinusoidal rat hepatic lipocytes (Ito, fat-storing cells) exhibit smooth muscle characteristics, including expression of desmin and endothelin receptors (24) . After their "activation" in liver injury, they are contractile (25) and thus have been viewed as potential regulators of sinusoidal blood flow in the liver. Recent studies suggest that contraction may be elicited endogenously by endothelin-1 released (24) by lipocytes themselves. The prolonged effect of endothelin-l on lipocyte contraction (25) is at odds with dynamic modulation of sinusoidal blood flow in vivo, suggesting that counter-regulators are present. We postulated that NO is a likely candidate.
NO is generated by hepatocytes ( 17) , Kupffer cells (5, 26) , and endothelial cells (21, 26) and could exert paracrine effects on lipocytes; the calculated diffusion distances are realistic, the reactivity of NO notwithstanding (27). However, if present, an autocrine mechanism could play a predominant role. Therefore, the aim of this study was to determine (1) whether cultured lipocytes synthesized NO synthase(s) and produced NO, (2) whether NO synthase was induced by lipocytes in vivo, and (3) whether NO opposed the effects of known contractile agonists.
Methods
Cell isolation and culture. Lipocytes were isolated from retired male breeder Sprague-Dawley rats (450-550 g) as described (28, 29) . In brief, after in situ perfusion of the liver with 0.25 mg percent pronase and 0.013 mg percent collagenase (both from Boehringer Mannheim, Indianapolis, IN) , the dispersed cells were fractionated on a discontinuous Nycodenz (Accurate Chemical & Scientific Co., Westbury, NY) density gradient. After isolation, lipocytes were suspended in modified medium 199 (30) containing 20% serum (10% horse/ 10% calf) (Flow Laboratories, Inc., Naperville, IL). Modified medium 199 contains 0.022 mM L-arginine. Lipocytes were 2 99% pure as assessed by a combination of phase-contrast microscopy and desmin immunoreactiv-ity and by demonstration of characteristic cellular vitamin A autofluorescence (28) . For standard lipocyte culture, cells were plated at a density of 5.0 x 10 cells per ml. Plating efficiency, routinely determined by direct cell counting, was 50-75%. All cells were maintained in a humidified 2% CO2 incubator at 37°C. Medium was changed 24 h after plating and every 48 h thereafter.
Interferon-y, tumor necrosis factor-a, interleukin-1f3, lipopolysaccharide, and transforming growth factor P-1. Rat interferon-y (IFN-y; Gibco Model of liver injury. To induce liver injury, the common bile duct was ligated and sectioned (36) . Sham-operated controls consisted of animals that underwent laparotomy and subsequent palpation of the common bile duct. Lipocytes were isolated from these animals in the same manner as previously described.
Statistics. The Student's paired t test was used for statistical comparisons. Each experiment used cells from a different animal. In the calculation of mean values and statistical variation, n refers to the number of separate experiments each with an individual cell preparation. Error bars depict the SEM; absence of error bars indicates that the SEM was < 1%, unless stated otherwise.
Results
Characterization of inducible NO synthase in lipocytes. The cDNA isolated by PCR of lipocyte RNA extracts was identical at the nucleotide level to the previously described rat vascular smooth muscle cDNA (15) . The 600-bp fragment was 95.2 and 99% identical at the nucleotide and predicted amino acid sequence levels, respectively, to the murine macrophage cDNA previously described (5) .
Inducible NO synthase mRNA and NO in cultured lipocytes. Our initial approach was to establish that NO synthase and NO were inducible in lipocytes. In early experiments, IFN-y, IL-1,6, and TNF-a, alone or in combination, were added to cultured lipocytes that had been maintained in primary culture for 4 d, and inducible NO synthase mRNA was quantified by RNase protection assay using the cloned 600-bp fragment previously described (Fig. 1) . The level of NO synthase mRNA was greatest in cells exposed to a combination of IFN-y and TNF-a. In general, it predicted nitrite levels measured under the same conditions (see following discussion). Inducible NO synthase mRNA was abundant also after IFN-y plus IL-1I3, but was not detectable in control cells (no exposure to cytokines) or in those exposed to IL-1p or TNF-a alone. Small amounts of inducible NO synthase mRNA were detectable after IFN-y alone. Addition of IL-1,/ to TNF-a and IFN-y did not result in significant further stimulation of inducible NO synthase mRNA over that for IFN-y and TNF-a (data not shown).
Production of NO was confirmed by measurement of nitrite in lipocyte culture supematants after exposure to cytokines alone or in combination (Fig. 2) . Single agents had no significant effect on NO production, but IFN-y with either TNF-a or IL-1,6 markedly stimulated NO. Whereas IFN-y alone induced small amounts of NO synthase mRNA, this agent alone did not result in significant elevation of nitrite levels. (Fig. 3, A and B) . LPS alone or in combination with IL-1,B or TNF-a had no effect on NO synthase mRNA or nitrite. However, LPS plus IFN--y resulted in stimulation of inducible NO synthase mRNA and production of nitrite. LPS/LFN-y with or without TNF-a caused a significant increase in inducible NO synthase mRNA and nitrite relative to that with IFN-y/TNF-a. Thus LPS appears to be a potent adjunct inducer of NO synthase when combined with IFN-y (alone or with TNF-a).
The time course of NO synthase mRNA and NO production by IFN-y and TNF-a was examined (Fig. 4, A and B) . In the Cytokdne(s) Figure 2 . Nitrite production in cultured lipocytes. Lipocytes were isolated, cultured, and exposed to IFN-y, TNF-a, and IL-lI3, alone or in combination, as in Fig. 1 . After incubation of cells with IFN-y (500 U/ml); TNF-a (1,000 U/ml), and IL-1,B (50 pg/ml) for 24 h, medium was removed for nitrite analysis as described in Methods. Nitrite concentration is expressed relative to the number of cells in culture (n = 3; *P < 0.01 for differences between cytokines alone and IFN--y/IL-l/3 or IFN-y/TNF-a). Abbreviations used: IF, interferon-y; TNF, tumor necrosis factor-a; IL-I, interleukin-l13.
presence of IFN-y and TNF-a, NO synthase mRNA was not detectable after 1 h, but was abundant by 4 h, remained elevated for 24 h, and declined thereafter (Fig. 4 A) . Nitrite levels rose more slowly and appeared to remain stable after 24 h (Fig. 4  B) . The rate of nitrite accumulation dropped substantially after 24 h in the continued presence of IFN--y and TNF=-a.
Over the first 7 d in primary culture, lipocytes undergo a well-characterized process termed activation, which is associated with loss of retinoid stores, cellular proliferation, and upregulation of TGF-,/, platelet-derived growth factor / receptor, and smooth muscle a-actin (38) . To determine whether NO induction was influenced by the activation state of lipocytes, we examined NO synthesis at different time points during activation. NO production appeared to be equally stimulable both in early culture and in late culture. Nitrite levels after IFN-y and TNF-a exposure were similar after 1, 3, and 6 d in primary culture (Fig. 5) . Because lipocyte activation is associated with proliferation, DNA content of cultures was assayed, and the data were expressed relative to this internal control.
Regulation ofNO synthase mRNA in vivo. The culture studies suggested that NO synthase mRNA can be dynamically modulated and imply that this may be an important mechanism by which NO is regulated in vivo. After intraperitoneal injection of IFN-y, TNF-a, and LPS, fresh lipocyte isolates were prepared and analyzed. Similar to the situation in culture, inducible NO synthase mRNA in vivo increased rapidly (within 4 h) after a single exposure to IFN-y, TNF-a, and LPS (Fig. 6) and then declined. In contrast to culture, however, inducible NO synthase mRNA was not evident 24 h after exposure to cytokines and LPS.
Induction of NO synthase was examined also in a model of liver injury. After bile duct ligation, an increase in specific NO In RNase protection assay using samples probed with the mouse macrophage inducible NO synthase cRNA followed by T2 RNase, a protected mRNA fragment of the appropriate size was detected (Fig. 9 ). However, after RNase A/Ti digestion, this signal was eliminated. In contrast, the band resulting from hybridization of lipocyte mRNA and the vascular smooth muscle cRNA was not affected by RNase A/Ti digestion.
Effect of NO on lipocyte contraction. We and others have previously demonstrated that lipocyte contraction can be stimulated by either serum or endothelin-1, 2, or 3 (25, 40) ; the latter substances are particularly potent agonists of lipocyte contraction. When NO was induced in lipocytes by the combination of IFN-y and TNF-a or by IFN-y and IL-if3, seruminduced contraction was markedly inhibited (Fig. 10) . Lattice area was 45.8±1.2% compared with 84.2+1.3% for control versus IFN-'y/TNF-a treated, respectively (Fig. 9 A) ylarginine (NMMA), retumed contraction to control values. Whereas neither IL-i1: nor TNF-a alone had an effect on lipocyte contraction, IFN-y alone had a detectable, albeit small, effect on lipocyte contraction (data not shown). The effect of NO on endothelin-i -mediated lipocyte contraction was analogous to that observed for serum-induced contraction (Fig. 9 B) . In the case of endothelin-i, the effect of combined IFN-y and IL-1/3 was the same as that of IFN-y and TNF-a (data not shown).
The known effect of NO on relaxation of cells is via cyclic guanosine monophosphate (cGMP) signaling. To corroborate further that the effect of added cytokines on lipocyte contraction was due to NO, we examined the effect of 8-bromoguanosine 3':5'-cyclic monophosphate (BrcGMP), a cGMP analog, and sodium nitroprusside, a NO donor, on lipocyte contractility. Both of these agents inhibited lipocyte contraction; the effect at high concentrations was striking (Table I) . High concentrations of BrcGMP (8 mM) and sodium nitroprusside (3 mM) had no effect on lipocyte morphology, cell spreading, or ability to exclude propidium iodide.
Discussion
The cellular and molecular mechanisms by which liver blood flow is regulated in both normal and cirrhotic liver are under active investigation. Because of their anatomic orientation within the hepatic sinusoid (i.e., analogous to tissue pericytes), it has been hypothesized that lipocytes may be important in regulation of sinusoidal blood flow. muscle contractile agonist endothelin-1 (23, 41 ) and sinusoidal diameter may decrease (42, 43) . Although presinusoidal effects on smooth muscle cells were not excluded, these data imply a role for lipocytes. This inference is supported by data demonstrating direct effects of endothelin-1 or serum on the contraction of lipocytes cultured on silicon rubber membranes or collagen lattices (25, 40 (21, 44, 45) . Altematively, cirrhotic patients have been reported to have elevated plasma endotoxin (as well as nitrite) levels compared with controls, implying a role of NO in the hemodynamic alterations in cirrhosis (37) . Finally, cytokines, including those that we have shown to stimulate NO synthase in lipocytes, are prominent in patients with inflammatory and/or chronic liver diseases (46) . For example, TNF-a, a prominent Kupffer cell product, has been identified in high levels in the plasma of patients with inflammatory liver disease (47, 48) and IFN-y may be released by macrophages after exposure to LPS (49) . Thus, by induction of NO synthase, cytokines could modulate lipocyte or smooth muscle cell contractility in inflammatory or chronic liver disease.
Recent evidence has demonstrated that during liver injury, lipocytes undergo activation. This process is characterized by de novo expression of smooth muscle a-actin and morphologic Figure 10 . Effects of NO on lipocyte contraction. Lipocytes were isolated and layered on top of thick collagen lattices as described in Methods. After 5 d in primary culture, fresh medium with IFN--y (500 U/ ml), TNF-a ( 1,000 U/ml), IL-1,6 (50 pg/ml), alone or in combination, was added to cultures. 4 h later, collagen lattices were dislodged from their plastic substrata, and lattice diameter was measured over time (A). Contraction 24 h after lattice release is shown. In some cultures (B), endothelin-1 ( 10 - transformation of lipocytes to cells resembling tissue myofibroblasts (50). Moreover, activated lipocytes (i.e., myofibroblasts) appear to contract the liver in a manner analogous to that of tissue myofibroblasts during wound healing (51 ) . In an experimental model of wound healing, endothelin-1 caused concentration-dependent contraction of granulation tissue (52) and this response correlated with the development of myofibroblasts in the injured tissue. Thus, endothelins or other contractile agonists may have effects on myofibroblasts in many forms of wound healing, including that in the liver. In this regard, the data demonstrating upregulation of NO synthase in (27) , its potency by this route, relative to an autocrine one, is open to question. Since we used pure cultures of lipocytes for contraction studies, the observed effects of NO on lipocyte contractility were purely autocrine (or "intracrine"). The concept that autocrine NO is important may apply generally to the regulation of smooth muscle contraction, in which inducible NO synthase activity has been demonstrated (8, 15, 53) . Additionally, in wound healing, myofibrobasts are thought to be responsible for the physical contraction of the scar (54) and have been shown to respond to contractile agonists (55) . In wound healing, except in circumstances in which neovascularization with endothelial cell proliferation is prominent, NO derived from constitutive endothelial sources is unlikely to be present. Our study suggests that NO generated by myofibroblasts (i.e., such as activated lipocytes) may serve as an important autocrine relaxing factor.
A number of unique inducible NO synthases within a particular species have been postulated (39) . Including the one reported here, four cDNAs coding for inducible NO synthases have been identified in the liver (17, 18, 39) . Inducible NO synthase has been cloned from human hepatocytes, rat hepatocytes, and a rat liver library (17, 18, 39) . Adachi et al. (39) reported 93.1 and 93.7% nucleotide homology between their cDNA and cDNAs cloned from rat vascular smooth muscle cells (15) and rat hepatocytes (18), respectively. However, comparison of the full-length sequences from GenBank with the GAP program (Wisconsin Genetics Computer Group), indicated 99.6 and 99.5% homology between the vascular smooth muscle clone and the rat liver and rat hepatocyte clones, respectively. Additionally, our cDNA is identical to the rat vascular smooth muscle sequence. These data suggest that all of the rat cDNAs are identical. To support further the concept of a conserved protein within a species, we were able to demonstrate "4vascular smooth muscle" inducible NO synthase mRNA in rat liver endothelial cells, hepatocytes, and Kupffer cells using the highly stringent RNase protection assay with RNase A/Tl (data not shown). This result indicates that apparently all major liver cell types express at least this isoform of inducible NO synthase.
